CHAFFINV  — »
To NoT- REMoveE

011903-F

Strength Characteristics
of U.S. Children for
Product Safety Design

CLYDE L. OWINGS, M.D.,Ph.D.
DON B. CHAFFIN, Ph.D.
RICHARD G. SNYDER, Ph.D.
RICHARD H. NORCUTT, M.S.

Qctober 1975

Sponsored by
Consumer Product Safety Commission







FINAL REPORT
CONTRACT FDA-73-32 OCTOBER 1975

STRENGTH CHARACTERISTICS
OF U.S. CHILDREN
FOR PRODUCT SAFETY DESIGN

CLYDE L. OWINGS, M.D., Ph.D.
Department of Pediatrics and Communicable Diseases
Department of Electrical and Computer Engineering

DON B. CHAFFIN, Ph.D.
Department of Industrial and Operations Engineering

RICHARD G. SNYDER, Ph.D.
Biomedical Department, Highway Safety Research Institute
Department of Anthropology

RICHARD H. NORCUTT , M.S. (Bioengineering)
Department of Pediatrics and Communicable Diseases

THE UNIVERSITY OF MICHIGAN
ANN ARBOR, MICHIGAN 48104

Prepared for:

THE CONSUMER PRODUCT SAFETY COMMISSION
5401 West Bard Avenue Room 100
Bethesda, Maryland 20207






ACKNOWLEDGEMENTS

This study was accomplished through the cooperation of
many individuals and organizations during the last thirty-one
months. The authors acknowledge with pleasure and gratitude
the particular contributions of some.

The major portion of the data reported in this study was
obtained under the careful supervision of Kathie Y. Lloyd, Linda
J. Brown, Susan M. Kornfield, and Susan S. Anderson. During the
early stages of this investigation, Margaret G. Abdelnour and
Ann Russ Desautels assisted in the collection of data. Appre-

ciation is also extended to Maggie Lloyd.

During the early design phase of the project, James A.
Foulke and Dr. John Gesink worked in conjunction with Ronald
Anderson and Don Ellinger on design of equipment for initial
measurements. Steven Enzer helped with electrical fabrication.

The statistical design of the projecf was under the general
supervision of Dr. M. Anthony Schork, with assistance from Robert
Abbott. Mr. Michael Grady served as systems analyst for the
project and wrote a major portion of the computer program. Arun
Garg assisted in developing the Biomechanical Model.

Dr. Lawrence W. Schneider provided consultation and coordi-
nation and Ginny Owings supervised the administrative and clerical
aspects of the project. William Graham produced the illustrations.

Consultation on the linkage measurements and helpful sug-
gestions were received from Dr. John McConville of Webb Associates.

Respectful acknowledgement is gratefully extended to the

technical monitors from The Consumer Product Safety Commission



who have supervised and contributed greatly to the performance
of this study: Mrs. Elaine Besson, Mr. John K. O'Connor, and
Mr. Donald T. Van Houten.

We most sincerely appreciate the contribution of over
500 children who performed the exertions recorded in this study,

and most particularly the cooperation of their parents.

ii



SUMMARY

This report presents a comphrensive preliminary study of

the muscular strength of the U.S. population of children,
measured on 502 children between the ages of 2 and 10 years.
The results consist of 33 isometric exertion measurements
which include the torques developed around the wrist, elbow,
shoulder, ankle, knee, hip, and trunk, together with the
force of hand grip and several types of pinch. The results
are presented in tabular form by age and as a graph of
strength plotted against age for the right side of the

body. Anthropometric measurement of the linkage lengths
(distance between the joint centers of rotation) is presented

in graphical and tabular form for the same subjects.

A measurement system was conceived, designed, fabricated,
tested, and used to obtain these data efficiently. It

uses a minicomputer to supervise experiments, collect data
from several strain gages simultaneously, implement an
algorithm for the assignment of a numeric strength value to
an exertion, and compact the data for final statistical
analysis. A Special test fixture, resembling a chair, uses
a series of cantilevered beams to form an adjustable
instrumented exoskeleton for the right side of the body.
Careful attention was directed towards motivational factors
in order to obtain maximum voluntary isométric exertions.

All measurements were obtained with the subject seated
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in the test fixture so that the anatomic position was

defined.

A biomechanical computer model of a child was designed
and has undergone preliminary testing. It allows the
data for isometric strength to be used to estimate

strength capability in various anatomic positions.
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1. INTRODUCTION

1.1. Background

A child's strength is one of the many factors which modulate
his day to day activities; important because it gives him the
capacity to get into dangerous situations and at the same time
confers upon him the potential to escape hazards.

As a child grows, he develops muscular control and precision
of movement while developing increased muscle strength. Therefore,
age-correlated information about the strength capability of child-
ren is necessary for providing environmental safeguards. Although
it is probably impossible to render any environment completely
"safe" for children, society has an obligation to insure that pro-
ducts specifically intended for children are not hazardous.

In attempting to meet this obligation, the need for specific
data became apparent. This study was undertaken to provide a
systematic, large scale study of the strength of children between
the ages of two and ten years. The resulting data may serve as a
basis for the writing of regulations énd specifications governing
the design and manufacture of products intended for childhood use.

Human strength has been a field of great interest to physic-
ians, anthropologists, human factors engineers, product designers,
coaches, athletes, and physical educators. Although most people
have an intuitive understanding of the meaning of strength, there
is wide disagreement in the literature over the correct way to

guantitatively measure strength. Part of this disagreement results



from the different needs and uses for which data are collected.
Investigators in the field of physical education have been con-
cerned with gross measurements of muscular strength, and in asses-
sing the degree of "physical fitness". Such tests have freguently
involved complex biomechanical actions such as sit-ups, push-ups,
pull-ups, and other measures of strength, stamina, and physical
endurance. Human factors engineers have been more concerned with
testing specific strengths and determining work capability.

A review article by Kramer(l1ll) contains a critique of the
strength measurement literature to date and outlines some of the
pitfalls which are encountered in the measurement of strength.

He proposes the following definition of strength: "Strength is
the maximal force muscles can exert isometrically in a single vol-

untary effort." The dimensions of strength are force or torque

exerted over a specified period of time. An isometric contraction
of a muscle or muscle group means that tension is developed in the
muscle without the length of the muscle being altered. This
implies that there will be no movement of the body parts involved
in an isometric strength exertion. Thus the concept of work in
the strict mechanical sense is not directly applicable to the
effort expended in holding a weight motionless.

Clearly, different factors are involved in the ability to
maintain an exertion over a period of time from those required to
effect a brief exertion. The abillty to perform such a prolonged
exertion is called endurance and is influenced mainly by fatigue
which is caused by such factors as the metabolic cycle of the

active muscle, the accumulation of waste products from metabolism,



the adequacy of blood supply to the muscle, etc. Thus, the abil-
ity to 1ift an object depends upon strength while the ability to
hold that object in a location for several minutes involves
endurance.

A concentric exertion is one in which the muscle develops
tension at the same time that its length is decreasing. An
eccentric exertion is one in which the msucle develops tension at
the same time that its length is increasing. Both such measure-
ments of muscular function imply a dynamic activity and are com-
plex from both the theoretical and practical viewpoints.

Isotonic measurement of strength has been mentioned widely
in the literature, but it is much easier to define than to measure.
An isotonic exertion is one in which the tension within the muscle
remains constant while the length of the muscle varies. Under
most circumstances, it is almost impossible to measure or accu-
rately estimate the tension developed within a muscle as it con-
tracts, if there is, at the same time, lenghtening or shortening
of the muscle.

Most of the strength studies reported in the literature
have used isometric testing for a variety of reasons. It is safer
to perform isometric testing, since the subject can be protected
from the unexpected development of large dynamic forces. The
equipment necessary for isometric muscle testing is more generally
available and can be calibrated in standard units in a straight-
forward fashion. In contrast, the equipment available for making
measurements of dynamic strength has been extremely difficult to

calibrate in absolute units. Although Thistle (176) has described



a very interesting commercial unit for the assesment of dynamic
strength, there is some question about the general applicability
of such information and its usefulness in other than a relative
context.

Chaffin (30) defines static strength as: "The capacity to
produce torque ot force by a maximal voluntary isometric muscular
exertion." He recommends that strength be tested during an exer-
tion of 4 to 6 seconds with a measuring device which records the
average value over the middle 3 seconds of exertion. It is impor-
tant that the subjects have adequate rest periods so that fatigue
does not influence the results of isometric testing. The results
of Shawnee (161) and others suggest that a rest of 2 minutes be-
tween exertions is appropriate for repetitive testing when approx-
imately 15 tests are to be performed during a single session. In
order that strength information may be reasonably interpreted, the
body position in which the measurement is taken must be well spec-
ified since a slight alteration in this position can change the
mechanical advantage available to the individual. The body bal-
ance can place a severe limitation on the ability to exert iso-
metric strength and should be considered in interpreting results
of strength testing. It is, moreover, important that the popula-
tion which is being tested be described by age, relevant anthro-
pometric data (such as height and weight), and the state of health;
and that the population selection procedure be documented.

In examining the available data, major attention must be
focused on the measurement techniques. The cable tensiometer has

been widely used in the measurement of strength, particularly by



Clark (37, 39, 47). This device was originally designed for the
measurement of tension in aircraft control cables and operates on
the principle that a spring-loaded plunger deflects the segment
of cable passing through the device in a manner inversely propor-
tional to the tension in the cable. Readout is accomplished with
a dial indicator monitoring the movement. Such instruments can
be calibrated so that the dial reads in pounds of force but one
has the chore of interpreting and evaluating the peak reading by
observing the fluctuations of the dial. The experimenter must
be in a position to actually observe the indicator during the
testing. This limits somewhat the locations in which cable ten-
siometers may be used. Moreover, there is no permanent record of
the exertion, and averaging techniques are difficult to apply to
such an admittedly simple device.

The Jamar dynamometer has been used by many investigators
for grip testing. The device was, apparently, first described in
1954 by Bechtol (7). It uses adjustable hand spacing together
with a sealed hydraulic system which registers in pounds per square
inc on an indicator dial. As force increases, an indicator is
carried to the highest value reached by the pointer of the dial
and remains at the highest value until it is reset. This device
can be calibrated with a set of weights to read pounds-force or
kilograms-force exerted during the gripping test. Schmidt and
Toews (1970) measured over a thousaﬂd normal males during pre-
employment physicals at a California steel manufacturing plant.
The results demonstrated that adult males produced 113.1 pounds

force with the dominant hand and 109.6 pounds force with the



non-dominant hand. These values were obtained with a standard
deviation of approximately 5.5 pounds force and demonstrate the
relatively small differences in strength between the dominant and
non~-dominant hands.

As has been pointed out by Kramer (111), there is consider-
able difficulty in interpreting the literature because most
articles do not clearly and unambiguously define the method used
to yield a strength value. Frequently onevmay be comparing an
average strength value from dne report with a peak strength value
in the second report.

Motivation and psychological factors play a strong role
in modifying the expression of an individual's inherent strength
capability. Unfortunately, it is extremely difficult to quantify
the degree of enthusiasm and motivation present during an exertion.
Ikai and Steinhaus (92) investigated the measured strength during
and after hypnosis and found that six out of seven subjects were
able to improve their performance. The exception was a trained
athlete who never exceeded his initial effort. One must conclude
that the inate strength capability of an individual can be modi-
fied by a variety of inhibitory influences which may prevent a
maximal effort.

One of the major studies of strength measurement in children
was done by Krogman (112) for the Closure Committee of the Glass
Containers Manufacturers Institute in 1971. Unfortunately, the
paper was published without a calibration of the force required to
produce a specific level of "pounds per square inch" on the ins-

trumentation used. The data contained within the study, which



includes measurement of grip, palm push, wrist turning, thumb
opposibility, and bite are useful mainly in the relative values
shown between the various age groups. This series of approx-
imately 500 children did reveal that boys appear to be slightly
stronger than girls but it is questionable whether this is a

truly statistically significant variation. There was an attempt
to evaluate racial differences between White and Negro children,
but the conclusion: "There does not appear to be any racial diff-
erence”, was not subjected to statistical tests.

A very nicely executed study of the strength capabilities
of children between the ages of 2 and 6 years was carried out by
Brown, Buchanan, and Mandel of the National Bureau of Standards,
(12). The eguipment used in this study was previously described
by Toner and Brown (18l), and consisted of deviceé for measuring
hand push, pull, and twist together with a commercially available
hand grip dynamometer. Their instrumentation included a contin-
uous readout of force or torque on a strip chart recorder. With
this equipment, studies were done in the age group between 2 and
6 years. Approximately 50 children were included in each age/sex
group for a total of over 500 children. This population included
greater than 20% Black children. The tests were administered by
allowing the child to pull or push on a lever. He could observe
colored lights and the number of colored lights illuminated was
proportional to the force he exerted. The child was allowed to
assume whatever body position he desired and a variety of differ-
ent knob sizes and handle shapes were used. The éhildren were

also tested for one-handed and two-handed grip on the dynamometer.



The study revealed that the maximum and mean strength capabilities
were greater for boys than for girls in all ages tested, although
the absolute magnitude of the difference was rather small. For
most tests, the standard deviation appeared to increase with age
as did the value of the strength measured.

There are at least two philosophical approaches to measur-
ing strength. The first is to design instrumentation which meas-
ures strength capability for a specific task. This measurement
method gives precise data which has limited generality. Fregquent-
ly a small alteration in the anatomic position of an individual
during strength testing will drastically alter the measurement of
strength capability. Therefore, one has difficulty in extrapolat-
ing the data to different tasks which require different anatomic
configurations, and each new task may require a new experimental
measurement. The second approach is to measure a limited set of
strength capabilities in standard anatomic positions. These data
can be utilized in biomechanical computer models of strength capa-
bility for different anatomic positions. This approach requires
a more manageable set of measurements of subjects, but results in
much less reliability for measurements of strength capability for
individual tasks. As the predictions extrapolate farther from

measured positions, they generally become less reliable.



Objectives and Scope

The objectives of this project were:

1)

2)

3)

4)

5)

6)

To develop an experimental design for measurement of
strength in children after reviewing and evaluating
the available strength measurement literature and

accident data.

To design and construct a portable test fixture and

data acquisition .system for accurate strength testing
that would control anatomic position and immediately
provide feed-back on test results to the measurement

technician.

To conduct an intensive study of a small group of child-
ren obtaining information,thereby, for further develop-

ment and refinement of equipment, tests and procedures.

To measure a larger group of subjects selected to repre-
sent the U.S. population of children considering age,

sex, and ethnic variations.

To investigate the utility of a computer based strength

predictive model for children.

To reduce and statistically analyze the data thus coll-
ected and present this information in a form which is

convenient and reliable for product safety design use.



2, METHODS AND TECHNIQUES

2.1 Design of the Study

The results of strength testing must finally be expressed
as a mechanical guantity. There are several possible ways of
analyzing the results of strength tests. Strength may be con-
sidered as a force acting at a distance, in which case the mag-
nitude of the force and the location and direction in which it
was measured must be specified. Alternatively, the linear force
generated by the contraction of a muscle group can be thought
of as being translated into its rotational equivalent: the
torque about a joint center. Therefore, strength measurement and
transducer design must include the measurement of a force and a

distance or the measurement of a torque.

2.2 Design of Transducers

Since force transducers have been more commonly used, the
initial measurement transducers were designed using force and
distance measurement principles. In numerous engineering appli-
cations, accurate and sensitive force transducers consisting of
resistance strain gages with appropriate electrical bridge cir-
cuitry and signal amplification are used. A strain gage is a
very thin wire arranged in the pattern of a planar grid and
attached to a flexible backing. The geometry of the grid is
such that pulling the gage in a direction parallel to the plane
of the grid causes a very slight change in the electrical re-
sistance of the wire, and this change is proportional to the

force. When such a gage is glued securely to a metal surface,
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its electrical resistance changes in direct proportion to the
mechanical strain (pulling) of the metal. The geometry of the
metal support determines the distribution of strain for a given
load. That is, the geometry determines the sensitivity of the
strain gage to changes in force. Strain gage transducers are
linear to within 1% of their full scale range. Their accuracy
may be limited by the capabilities of digital resolution and
the stability of the signal amplification system. Especially
important for this study is the rapid response of strain gages
which minimizes errors due to time delay in the transducer.

The electrical output of a strain gage, also conveniently
lends itself to computer processing. The voltage output from
the bridge circuit representing a torgque is sampled and stored
as a numerical representation of that voltage on magnetic tape.
The major advantage in such a system is that data are captured
in a machine readable form, and the manual manipulation of data
is eliminated. The accuracy, speed, versatility, and efficiency

of such a computerized transducer system were essential for this

study.

2.3 Data Acgquisition System

The data acquisition system used for this project consisted
of a 16 bit Data General Nova 1220 computer with 16K words of
core memory, a 24 channel analog to digital converter, a dual
Linc tape magnetic tape system, a Tektronics 4010 Graphics Term-
inal and two digital to analog converters. The D/A converters
were used in conjunction with an X-Y plotter to provide a written

copy of graphical information from the computer. Twenty-four
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instrumentation amplifiers with adjustable gain, were used to
amplify the strain gage signals up to a value of *5 volts for the
12 bit analog to digital converter. This system preserved a re-

solution of 1 part in 4096,

2.4 Initial Measurements

The preliminary measurements were made using a system of trans-
ducers designed for the right upper extremity. One transducer
measured elbow flexion/extension, using a strain ring with the
signal being amplified by an instrumentation amplifier. Additional
transducers, based upona cantilevered beam with strain gages, were
constructed for the measurement of shoulder adduction/abduction,
shoulder medial/lateral rotation. Several versions of each trans-
ducer evolved during the early stages of this project. Transducers
were used to measure force perpendicular to the limb. 1In this
configuration, the distance from the joint center of rotation to
the point of force application was measured in order to express the
results in torque units. We experienced difficulty in being able
to precisely specify the point at which force was applied to the
transducer system and thus introduced some ambiguity into the re-
sults of the preliminary torque measurements.

The first prototype strength chair positioned the subject with
his elbow flexed at 90° at his side. The right elbow was placed in
a cup, mounted on the end of a vertical d¢antilevered beam. The right
hand grasped the end of a second cantilevered bheam, or the wrist was
strapped to a vertically mounted strain ring, for some of the measure-
ments. Supporting the lower extremity was a third cantilever beam

parallel to the tibia and strapped to the ankle. Finally, the
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upper portion of the femur and pelvis were strapped to the chair for

immobilization.

2.5 Preliminary Experiments

This first prototype strength chair proved invaluable in re-
fining the transducer design and the experimental design. The
relationship between anatomic position and measured strength was
investigated. The utility and relative advantages of various
motivational schemes were evaluated and the effects of movement and
dynamic forces were studied. These questions were resolved through
the repeated testing of approximately dne hundred children, with

the first prototype chair.

2.5.1. Inertial Effects

There 1is reasonable agreement that isometric strength
should be measured as a steady state wvalue during a constant
exertion by the subject. If motion is allowed during testing,
transient inertial forces are generated by the motion. Thus,
the relative importance of dynamic effects and speed of trans-
ducer response was investigated. Even though an attempt was
made to measure static forces and avoid jabs or short thrusts,
the compressibility of subcutaneous tissue allowed a certain
amount of motion between the center of mass for the limb and
the test fixture or strap. Using an accelerometer with appro-
priate signal conditioning instrumentation, measurement of
accelerations and estimation of dynamic forces was done. At
a sampling rate of 250 samples per second, it was found that

the severe jerk of a strapped forearm could generate up to
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100 rad/sec? angular acceleration about the joint center.

Such an acceleration could result in no more than 10% addi-
tional lcading and was found to last no longer than 100 milli-
seconds. These results, along with considerations of aliasing
and wave form distortion were used to establish a sampling

rate of 20 points/sec for the strength tests.

2.5.2 Joint Position Interaction

Experiments were conducted to determine if the position
of the wrist affected strength values measured for elbow flexion
and extension. One would anticipate, on anatomical grounds,
that altering the degree of pronation-supination at the wrist
would influence the strength capability by changing the posi-
tion of the muscle insertion. We were concerned with select-
ing for initial testing a position which minimized the amount
of variation from one test to another on a single subject.
Preliminary experiments measured elbow flexion and extension
with pronated position, neutral position, and supinated position.
Since the initial tests showed greater reproducibility for the
neutral position, the final strength chair design used measure-
ments with the wrist in a neutral position.

Still another experiment attempted to ascertain the rela-
tionship between the strength of elbow flexion, with the elbow
joint at a 90° angle,and the position of the shoulder joint.

The biceps anatomically spans both the elbow and the shoulder
joint and the position of each joint effects the isometric
contraction length of the muscle group. In accordance with

the well established length-tension relationship of skeletal
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muscle, the overall performance of a muscle is effected by
its length change., Over the limited range of angles in which
preliminary testing and final measurement was done, we failed
to demonstrate an effect upon elbow flexion attributable to

the shoulder joint position.
2.5.3. Motivation

Motivational techniques were examined in great detail at
this stage of the strength study. Several pieces of special-
ized hardware were constructed and evaluated. A visual feed-
back unit was devised so the subject could observe the instan-
taneous results of his exertion. The first unit consisted of
a horizontal line across the face of an oscilloscope. This
line represented the absolute value of the output voltage from
the primary strength transducer channel. As greater force was
measured, the position of the line moved upward on the screen
proportional to the torque. Children were encouraged to try
to cause the line to rise as high as possible. Some children
quickly learned that short jabs or pounding upon the transducer
would cause the line to move up very quickly. This system
seemed to encourage exactly the sort of strength exertion
which we did not desire. A second unit was constructed which
consisted of a loop of string between pulleys at the floor
and ceiling. Attached to the string was a flag and the posi-
tion of the flag was controlled by a servo-mechanism driving
the lower pulley. The result was a display system similar to

the "carnival strength tester" which is composed of a mallet,
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lever, movable marker, and bell. The electrical signal

which controlled the servo position was processed through an
operational amplifier connected as a "forgetting integrator"
(the feedback element consisting of a capacitor and resistor).
The purpose of this integrator was to encourage long, sus-
tained effort: the flag would rise higher as the subject
pushed longer and harder. It was also relatively insensitive
to short exertions. As attractive as this scheme appeared,
however, the flag was often ignored. For most children, es-
pecially the younger ones, all their concentration was required
to push on the chair in the proper direction with the proper
part of their body. The flag appeared to add little incentive.
Other forms of positive reinforcement, such as a reward sys-
tem were tried with M&Msﬁaheinq awarded in proportion to the
degree of effort. Each attempt, however, had its specific
drawbacks. The best results, based upon size and shape of the
strength-duration curves, seemed to be obtained by simple ver-
bal encouragement. It must be emphasized that the most im-
portant aspect of such encouragement consists of empathy be-
tween the child and experimenters highly skilled in working

with children.

2.6 Strength Criteria and Reproducibility

Finally, two crucial problems had to be resolved before con-
tinuing the study: 1) an objective, analytic criterion was needed
for determining "strength" and 2) the reproducibility of strength
measurements had to be established. The two problems were found to

be interrelated. Since the raw data consisted of a sequence of values
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for the output of the strain gage transducer, stored sequentially

as a function of time containing information about the output of
several transducers, relative freedom existed in the methods which
could be used to analyze an exertion and extract a representative
measure of the child's "strength". As has been previously mentioned,
human strength researchers have been in considerable disagreement

as to the best measurement of strength. Assessment of strength

must accur over a long enough period of time to eliminate effects
due to "explosive" strength and yet must be over a short enough
duration to eliminate decreases in strength due to fatigue.

It was felt acceptable strength measurement criteria should:

a) be indicative of a sustained effort, b) be reascnably repro-

ducible on a test-retest basis, and c¢) be reasonably representa-
tive of everyday observations in child strength, i.e. accurately

model the real world.

A variety of algorithms were investigated in an attempt to
design a method of unambiguously and accurately estimating "strength"
from the transducer output. The concept of an average torgque (or
force) generated over a period of time was appealing not only fr